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Many surviving ancient monuments are freestanding stone masonry structures, which appear to be
vulnerable to horizontal dynamic loads such as earthquakes. However, such structures have stood for
thousands of years despite numerous historic earthquakes. This study proposes a scaled-down dynamic
centrifuge modelling test to study how these masonry structures resist seismic loading. The test is
proposed for seismic risk assessments to evaluate risk of damage from a future seismic event. The seismic
behaviour of a 3-storey, freestanding stone block structure has been modelled and tested within a
centrifuge. Models were made at 3 different scales and dynamic tests were conducted using different
centrifugal acceleration ﬁelds so that the behaviours could be transformed to an equivalent full-scale
prototype and compared. Data from 2 earthquakes and a sweeping signal were used to simulate the
effects of earthquake ground motion within the centrifuge. The acceleration and frequency responses at
each storey height of the model were recorded in different centrifugal acceleration ﬁelds. Similar
behaviours appeared when the results of the small-scale models were transformed to a full-size
prototype scale. This conﬁrms that the seismic behaviour of stone masonry structures can be predicted
using scaled-down models.
& 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
Heritage monuments constructed using stone masonry appear
to be vulnerable to horizontal dynamic loads such as earthquakes.
Culturally signiﬁcant stone structures, such as freestanding col-
umns, however, have stood for over a thousand years despite
numerous historic earthquakes. This fact leads to 2 questions: how
are these structures able to survive multiple earthquakes, and how
safe are they for future seismic events? There have been many
studies on the dynamic behaviour and seismic vulnerability of
stone masonry structures. However, analytical approaches and
numerical modelling are difﬁcult and the results are often incon-
clusive. A full-scale shake table test yields the best data, but such a
test is costly. Because friction governs the behaviour of stone
masonry structures, reduced-scale centrifuge modelling can be an
effective alternative.
The stress conditions of a scaled model in a centrifuge test are
known to be the same as in a full-scale prototype. Thus, this
equivalent stress condition makes it possible to simulate real seismicLtd.
skim@kaist.ac.kr (D.-S. Kim).
Open access under CC BY-NC-NDbehaviour using a reduced-scale model. This study proposes a
dynamic centrifuge test for structural analysis and seismic risk
assessment as a means to evaluate its safety for future earthquakes.
In this study, the scaling factors are examined through a ‘model-
ling of models’ procedure, which is used to evaluate the effects due to
scaling. Scaled testing is particularly useful when no full-scale test
data is available [1]. Models of 3 different scales were made,
representing a 3-storey rectangular parallelepiped stone structure.
The dynamic response of each block was recorded using acceler-
ometers installed at the middle of each block. Acceleration data was
collected at different centrifugal acceleration ﬁelds (g-levels). Two
real earthquakes, Hachinohe and Ofunato, and a sine-sweeping signal
were used as input accelerations in the centrifuge. The tests were
conducted at different g-levels so that the recorded behaviours of one
model scale at different g-levels could be transformed to simulate an
imaginary full-scale test and compared.2. Dynamic behaviour of stone masonry structure
The cyclic or dynamic behaviours of block structures, such as
ancient stone monuments freestanding on their foundations, have
been subject to numerous studies. Cyclic displacements due to the
elastic response of the soil–foundation system under vibration
loading have been the primary focus. Theoretical solutions for
rocking and sliding motions of rigid rectangular foundations have license. 
Table 1
Scaling laws for dynamic centrifuge test and 1g shake table test.
Quantities Scaling factors (prototype/model)
Dynamic centrifuge test 1g shake table test
Displacement, length N N
Acceleration, gravity N1 1
Mass N3 N3
Density 1 1
Stress 1 N
Strain 1 1
Time (dynamic) N N0.5
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various studies have been conducted on the dynamic behaviour of
single block structures in rectangular shapes. Housner produced a
basic understanding of the rocking behaviour of a block and
derived a useful mathematical model [7]. Ishiyama [8] classiﬁed
the behaviours of single blocks into 6 categories and established
governing equations for each category, through which he studied
the natural characteristics and mode conversion standards of each
category. Spanos and Koh [9] have studied the steady state modes
of a rigid body by analysing its behaviour in harmonic motion.
Also, Tso and Wong [10] approached these modes experimentally.
In the case of multi-block systems, determining the governing
equations and mode conversion of the entire system becomes
analytically difﬁcult because of the complicated boundary condi-
tions between blocks. Psycharis [11] proposed a governing equa-
tion, assuming that rocking takes place only in 2 slender block
structures. Makris and Zhang [12] examined the transient rocking
response of anchored blocks subjected to horizontal pulse-type
motion. Spanos et al. [13] systematically reviewed various analytical,
probabilistic, and experimental assessment studies of dynamic beha-
viour of block structures, including the above-mentioned studies.
Makris and Konstantinidis [14] examined the distinct characteristics
of the rocking spectrum for a slender rigid block. Since this study, the
dynamic behaviours of 2 rigid block structures caused by ground
motion have been organised analytically according to patterns and
numerically compared.
Today, complex numerical analysis of multi-block systems is
possible. And shake table tests and seismic risk assessments are
routinely conducted for signiﬁcant historic stone monuments.
Psycharis et al. [15,16] and Konstantinidis and Makris [17] pre-
sented a numerical investigation on the seismic response for
multi-drum classical columns of ancient monuments. Kim and
Ryu [18] produced a full-scale model of a stone pagoda in Sang-
Gye-Sa Temple that had been damaged by an earthquake in 1936.
They conducted a 1g shake table test to predict the accelerations in
the monument caused by the earthquake. D'Ayala et al. [19]
analysed a series of shake table tests on 3 1/10-scale 3D dry
masonry models. Peña et al. [20] described the dynamical beha-
viour of various freestanding block structures under seismic
loading using 1g shake table tests. Konstantinidis and Makris
[21] also investigated the seismic response of 1/4-scale models
of freestanding laboratory equipment subjected to strong earth-
quake shaking through experimental and analytical studies.
Kounadis et al. [22] discussed the dynamic stability rocking response
of such a rigid block, 2-DOF systems subjected to horizontal
harmonic ground motion using a closed form solution and numer-
ical study. D'Ayala and Ansal [23] authored the guidelines ‘Risk
assessment of cultural heritage buildings’ to address the vulner-
ability of cultural assets, speciﬁcally buildings with international
cultural value.
The dynamic behaviour of a stone monument during a seismic
event includes complex behaviours combined by sliding and rocking
motions. In the case of multi-block systems, there are many
analytical and numerical difﬁculties when trying to predict and
understand the various mode characteristics of the materials and the
interaction between units. Currently, a full-scale 1g shake table test
is the most useful method for acquiring useful data on structural
behaviour, but such a test is time and resource intensive.
This study proposes a dynamic centrifuge test to evaluate the
seismic behaviours of stone structures for seismic risk assessment
of heritage monuments. For multi-block systems, the friction
characteristics between stone units have a signiﬁcant effect on
the behaviour of the structure. The centrifuge test described in this
paper simulates the N times gravity accelerations for a 1/N scaled
model. If an appropriate scaling law is used and the model
material has the same density as that of the real structure, theseismic behaviour can be observed under the same stress condi-
tions as those of reality. Therefore, this method is a useful
alternative to numerical analysis and full-scale shake table tests.
With this said, there exists a limitation in this method in that it is
difﬁcult to reproduce the same surface roughness between mod-
elled stone structure and a full-scale prototype.
Scaling laws are the main factors in testing a full-size prototype
as well as a small-scale model. The laws used for the centrifuge
test are listed in the second column of Table 1 [1]. In the case of a
1g shake table test for the reduced model, a scaling law has been
established by Iai et al. [24]. When the density and shear wave
velocity of the prototype and model are same, Iai’s scaling factors
are summarised as in the third column of Table 1. When compar-
ing the scaling laws of a dynamic centrifuge test and 1g shake
table test for a 1/N scaled model, the biggest difference is the
stress condition. For the centrifuge test, the stress condition is the
same as in the full-size prototype in terms of gravity direction and
horizontal direction. This equivalent stress condition supports the
possibility of accurately simulating the seismic behaviour of historic
stone monuments in a dynamic centrifuge test on a reduced-
scale model.3. Experiment setup for modelling of models
This study was conducted at a recently established centrifuge
facility at the KOCED Geotechnical Centrifuge Center at KAIST
[25,26]. The centrifuge is able to simulate seismic motion by
spinning at a desired centrifugal acceleration. The KOCED earth-
quake simulator used in this research is of an electro-hydraulic-
servo type with rotation radius of 5.0 m and maximum capacity of
240g. This earthquake simulator provides 40 g shaking accelera-
tion for no payload and 20g shaking acceleration for up to 700 kg
of payload. A 40g centrifuge acceleration is equivalent to a peak
ground acceleration (PGA) of 0.5g. Korean seismic design has a
maximum seismic design acceleration (for rock outcrop) of 0.22g.
The ‘modelling of models’ technique was performed on a
3-storey rectangular parallelepiped stone structure. Each storey
level consisted of one block;each block has identical size, mass,
and contact surface properties. Models were made at 3 different
scales so that the tests could be performed at different g-levels,
behaviours transformed to full-scale, and compared in order to
simulate the behaviour of one full-scale prototype. Tests were
conducted using 3 sets of differently scaled models in separate test
sets. For example, the dynamic motions of models 1, 2, and 3 were
recorded at centrifuge accelerations of 10g, 15g, and 20g, respec-
tively. These 3 test results, all at the same model scale, were
aggregated as prototype 1. This was labelled as Test Set 1. Table 2
summarises the entire experiment setup.
The stone used in the experiment is Hwang-deung stone, a type
of homogenous granite. All the contact surfaces were cut using a
water jet. The density of the stone specimen is 2.67 t/m3 and the
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free–free resonant column (FFRC) test [27]. Two earthquakes were
used as inputs: Ofunato earthquake with high short-period accel-
erations and the Hachinohe earthquake with high long-period
accelerations. In addition, a sine-sweeping signal within the
shaking frequency range was used, as shown in Fig. 1. The
excitation inputs were applied in the transverse and longitudinal
directions. 3–4 shakings were conducted for each earthquakeTable 2
Experimental setup for the modelling of models.
Model 1
Size of one block (W cmD cmH cm) 36189
Mass of one block (kg) 15.6
Story (the number of blocks) 3
Centrifugal acceleration (g-level) Test Set 1 (prototype 1) 10g
Test Set 2 (prototype 2) 20g
Test Set 3 (prototype 3) 30g
Fig. 1. Time histories and frequency contents of input signals for shaking: (a) Ofunato ea
Fig. 2. The experiments method for Tsimulation, from the lowest acceleration to the PGA, with a return
period of 2400 years (PGA of 0.15g–0.28g in prototype for each
test set).
The stacked blocks of the model were built on a compacted soil
layer. The acceleration of each block was recorded and analysed using
the data recorded by PCB353B17 (PCB Piezotronics) accelerometers
placed in the middle of each block. The experimental method for Test
Set 1 and the location of the accelerometers, are shown in Fig. 2.Model 2 Model 3 Prototype size (WmDmHm)
24126 1894.5
4.61 1.95
3 3
15g 20g 3.61.80.9
30g 40g 7.23.61.8
45g 60g 10.85.42.7
rthquake record; (b) Hachinohe earthquake record; and (c) a sine-sweeping signal.
est Set 1 of modelling of models.
Fig. 3. Typical test results of Test Set 1 for peak acceleration: (a) typical acceleration signal and peak acceleration values in model scale; (b) acceleration values in prototype
scale; (c) averaged acceleration values; and (d) comparison of normalised averaged acceleration values.
Fig. 4. Comparison of averaged peak acceleration values in prototype scale.
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each model scale. For each model set, the acceleration values were
measured for each block and used to predict the behaviour of an
imaginary full-scale, 3-storey prototype. The parameters used for
comparison were peak acceleration in time domain and predomi-
nant frequency in the frequency domain.4. Test results in time domain
The procedure for comparing the experimental results of a model
at a 1/N scale is as follows. First, the acceleration datawere recorded at
the ground surface, the ﬁrst ﬂoor, second ﬂoor, and third ﬂoor. Second,
these measured values were transformed into equivalent full-scale
values by applying the scaling law shown in Table 1. In other words,
timewas applied by N times, and the acceleration amplitude is applied
by 1/N times into the experiment results of Ng state. Third, peak
accelerations were determined for comparison. This was done for each
model scale so that the experimental results of the 3 model types
could be compared at a full-size prototype scale. Because it is difﬁcult
to keep the peak ground surface acceleration constant, the results
were normalised by dividing the accelerations recorded at each block
by the ground surface acceleration. Lastly, comparisons were made by
the average value of each model test result.
Following the above procedure, peak acceleration values were
recorded at centrifuge accelerations of 10g, 15g, and 20g, simulatingFig. 5. Frequency domain signals obtained from each testthe Hachinohe earthquake in the transverse direction for the ﬁrst
prototype in Fig. 3. Fig. 3(a) shows the accelerations recorded at each
height of the model. Time domain signals were recorded at each block
and the peak acceleration values were obtained. Peak acceleration
values were recorded for 3 excitations at 10g and 4 excitations each at
20g and 30g. Fig. 3(b) shows the accelerations that were applied with
the scaling law for the prototype structure from Fig. 3(a). The legend of
the peak acceleration diagram in Fig. 3(a) and (b) represents the
centrifugal acceleration level and peak ground acceleration value.
In Fig. 3(c), average values at each g-level are shown. Finally, in
Fig. 3(d), normalised average values are shown. In the case of peak
acceleration values, ampliﬁcation patterns at each height are similar,
with a 5.7% maximum error occurring, centred on the average value.
The peak acceleration values have signiﬁcant differences among
model 1 (10g), model 2 (15g), and model 3 (20 g), as shown in Fig. 3
(a). However, after applying scaling factors and organising each peak
acceleration value, a consistent ampliﬁcation pattern can be seen for
a given prototype, as shown in Fig. 3(d).
Fig. 4 shows the comparative graph of averaged peak accelera-
tion values in prototype scale and the ampliﬁcation patterns
for all test sets. The left ﬁgures pertain to transversal excitation
(long-length direction, Fig. 2), and the right ﬁgures pertain to the
longitudinal direction. The maximum errors, centring on average
values, are noted for each test set (1–3), each input signal
(Hachinohe and Ofunato earthquake), and each shaking direction
(transversal and longitudinal).set for transversal excitation in the prototype scale.
Fig. 6. Frequency domain signals obtained from each test set for longitudinal excitation in the prototype scale.
Fig. 7. Theoretical approaches for rocking and sliding motion of single block: (a) rocking motion in the soil–foundation system; (b) sliding motion in the soil–foundation
system; (c) Housner's rocking motion of single block structure.
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values were higher for the longitudinal shaking compared to the
transversal shaking. The error was higher in the short direction of
the rectangular models compared to their long direction. In the
case of transversal excitation, the ampliﬁcation pattern was con-
sistent with height. Maximum errors of 12.8% and 20.6% occurred
at the third storey for the Hachinohe and Ofunato earthquake
simulations, respectively. On the other hand, the ampliﬁcation
varied with height for longitudinal excitation. The ampliﬁcation
ratio between the ﬁrst to second storey was different from that of
the second to third storey. For 2 cases in Test Set 2 and for 2 casesin Test Set 3, the peak accelerations were less in the second storey.
This can be explained by the greater complexities of displacement
and rocking behaviours in taller, 3-storey masonry structures in
the shaking direction.
Overall, the error values for the peak acceleration were the
highest for Test Sets 2 and 3. In other words, the error was greater
as the centrifuge test increased in g-level. In addition, acceleration
data from the third storey block that were not measurable in the 60g
state for Test Set 3 are not shown by a graph. As the g-level increased,
the change in the measured results became more pronounced and
the error values became greater. In most cases, however, the
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be obtained using scaling laws despite experimental errors.5. Test results in frequency domain
The predominant frequency was identiﬁed in the frequency
domain, in which ampliﬁcation takes place according to height for
each setup. As with the time domain, test sets of the same scale were
compared. The acceleration signals at model scale were converted to
the frequency domain. They were transformed to full-size prototype
scale by applying a scaling law of 1/N times frequency and 1/N times
spectral acceleration. Results of shaking for the sine-sweeping signals
in the frequency domain are compared, which have relatively wide
and even frequency contents, as shown in Fig. 1(c).
Fig. 5 shows the frequency domain signals for transverse excitation
in the prototype scale by applying the general scaling law. Fig. 6 shows
the same results for longitudinal excitation. In the case of transverse
excitation, the frequency contents in full-size prototype scale for
3 results of Test Set 1 are ampliﬁed, with height, at 12.6–14.8 Hz.
These were derived from a 131 Hz peak in model 1 (10g), a 222 Hz
peak in model 2 (15g), and a 253 Hz peak in model 3 (20g). The
predominant frequencies in model scale have large differences among
the 3 models. However, after applying scaling factors, a consistentFig. 8. Comparison between observed predominant frequency range and theoretical npredominant frequency range can be obtained for a given prototype.
The frequency contents at 6.8–7.6 Hz are ampliﬁed in Test Set 2 and
the frequency contents at 4.5–6.8 Hz are ampliﬁed in Test Set 3.
Similar to the time domain analysis, the predominant frequency
ranges were wider for longitudinal shaking, as shown in Fig. 6. For
themajority of test results, it was found that acceleration ampliﬁcation
took place and the frequency ranges generally coincided.
To determine if these predominant frequencies could align with
the natural frequencies of a real 3-storey stone structure, theoretical
solutions for rocking and sliding motions of a single block were used
for comparison. They are rocking [2,3] and sliding [4,5] motion
solutions in the soil–foundation system. In this theoretical approach,
it is assumed that the stone structure is composed of units with the
same shape as that of a single block and there is no damping effect.
Solutions for the natural and resonant frequency of rocking
vibration (Fig. 7(a)) for a rigid rectangular foundation are shown in
Eqs. (1) and (2). Solutions for sliding vibration (Fig. 7(b)) are shown in
Eqs. (3) and (4). Theoretically, the natural frequency of a 1/Nmodel is
N times the natural frequency of a prototype if scaling factors for
mass (m) and length (r0, D, W, H) are applied.
f n; prototype ¼
1
2π
ﬃﬃﬃﬃﬃ
kθ
I0
s
¼ 1
2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ð8Gr30;p=3ð1μÞÞ
mp ðr20;p=4Þ þ H2p=3
 
vuuut 2½  ð1Þatural frequency for rocking and sliding motion of single block in prototype scale.
Fig. 9. Frequency ranges that can be compared for each test set.
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1
2π
ﬃﬃﬃﬃﬃ
kθ
I0
s
¼ 1
2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðG=1μÞFθDpW2p
mpððr20;p=4Þ þ ðH2p=3ÞÞ
vuut 3½  ð2Þ
where
r0; p ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DpW
3
p
3π
4
s
; Fθ ¼
0:6 at W=D¼ 2
0:44 at W=D¼ 0:5
(
f n; prototype ¼
1
2π
ﬃﬃﬃﬃﬃﬃ
kx
mp
s
¼ 1
2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
32 1μð ÞGr0;p
78μð Þmp
s
4½  ð3Þ
f n; prototype ¼
1
2π
ﬃﬃﬃﬃﬃﬃ
kx
mp
s
¼ 1
2π
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2 1þ μð ÞGFx
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DpWp
p
mp
s
5½  ð4Þ
where
r0;p ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DpWp
π
r
; Fx ¼
0:95 at W=D¼ 2
1:1 at W=D¼ 0:5
(
The natural frequency for the rocking motion of a single block
structure, according to Housner [7], is described by Fig. 7(c) and
Eq. (5). Here, if a scaling law for acceleration of gravity (g) and a
radius of rotation (R) is used, the natural frequency in a 1/N model
becomes N times the natural frequency of the prototype, as in Eq.
(6). In the case of multi-layered block structures, a certain scaling
law should exist for various dynamic behaviours, including rocking,
and this should be examined on an experimental basis. Housner’s
rocking motion assumes that relatively slender rigid blocks can
oscillate about their centre of rotation (O), as shown in Fig. 7(c).
Therefore, the theoretical solutions for the rocking and sliding
motions of a single block in a soil–foundation system are more
useful for comparison with experimental observation.
f n; prototype ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
mpgpRp=I0; p
q
4cosh1ð1=ð1θ=αÞÞ
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3gp=4Rp
q
4cosh1ð1=ð1θ=αÞÞ
7½  ð5Þ
f n; model ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3gm=4Rm
p
4cosh1ð1=ð1θ=αÞÞ
¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3ðNgpÞ=4ðRp=NÞ
q
4cosh1ð1=ð1θ=αÞÞ
¼Nf n; prototype
ð6Þ
Fig. 8 shows the comparison between the observed ampliﬁed
frequency (i.e. predominant frequency) range in all test sets and
the theoretical natural frequency for rocking and sliding motions
of a single block. The upper ﬁgures show transversal excitation
and the lower ones show longitudinal excitation. The predominant
frequency and ampliﬁed range from the test results and thenatural frequency using theoretical equations are tabulated as
well. It was assumed that the shear wave velocity of the ground,
which was considered to be compacted weathered soil, was
200 m/s; mass density, 1800 kg/m3; and Poisson’s ratio, 0.33.
In the case of transversal excitation, the natural frequency ranges
of rocking and sliding had theoretically similar values. The predomi-
nant frequency range of the test results, after application of the
scaling factors, was also within a similar range. On the other hand, for
longitudinal excitation, the natural frequencies of rocking and sliding
had different ranges. The predominant frequency range of the test
results was closer to the theoretical rocking motion range.
The earthquake simulator that was used in the tests has an
excitation frequency range of 40–300 Hz, at the model scale.
Therefore, when performing the ‘modelling of models’ procedure,
if the same seismic wave is excited for each g-level, the trans-
formed frequency domain will not coincide exactly at the full-size
prototype scale. For example, the shaking energy exists in the
domain of 4–30 Hz at the 10g level and in the domain of 2–15 Hz at
the 20g level. Fig. 9 shows the frequency ranges that can be
compared for each test set. 3 models were set up in 3 test sets
because it is difﬁcult to predict the resonant frequency of masonry
structures in advance and the excitation frequency ranges of the
earthquake simulator are predetermined.
For determination of the model size in a dynamic centrifuge
test, the predicted natural frequency range of the target structure,
excitation frequency ranges of the earthquake simulator, max-
imum operational acceleration of the centrifuge, maximum shak-
ing acceleration of the earthquake simulator, mass of the model,
and the size of the container must be systematically considered.
Through these test results and theoretical comparison, it was
revealed that acceleration ampliﬁcation characteristics and that
predominant frequency ranges of the 3 storey block structure
coincided between theoretical predictions and observed results.
Additionally, this proves that the generalised scaling law can be
applied to the dynamic behaviours of masonry structures.6. Conclusion
A 3-storey stone block structure was built at 3 different scales
and the ‘modelling of models’ procedure was carried out to
evaluate for seismic behaviour of the scaled structure using an
earthquake simulator within a centrifuge. The dynamic centrifuge
tests were conducted at different g-levels so that the behaviour of
one full-size imaginary prototype could be simulated and the
effect of scaling compared. The test revealed that similar beha-
viours appeared within a range of error when the results were
transformed to a full-size prototype scale.
This research proves the possibility of predicting the seismic
behaviour of an actual structure using a small-scale model in a
centrifugal acceleration ﬁeld when the proper scaling laws are
applied. Therefore, it has been conﬁrmed that the seismic beha-
viour and risk of future damage to historic stone monuments can
be assessed with dynamic centrifuge tests of scaled models.Acknowledgements
This research was supported by a Basic Science Research
Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education, Science and Technol-
ogy (grant number: 2009-0080575). The authors gratefully
acknowledge the KREONET service provided by Korea Institute of
Science and Technology Information.
H.-J. Park, D.-S. Kim / Soil Dynamics and Earthquake Engineering 53 (2013) 187–195 195References
[1] Taylor RN. Geotechnical centrifuge technology. London: Blackie Academic and
Professional; 1995.
[2] Borowicka, H., Uber Ausmittig Belastete Starre Platten auf Elastischisotropem
Untergrund, Ingenieur-Archiv, Berlin, 1 1943 p. 1–8.
[3] Gorbunov-Possadov MI, Serebrajanyi, RV. Design of structures upon elastic
foundations, In: Proceedings of the 5th international conference on soil
mechanics and foundation engineering, Paris, vol.1: 1961. p. 643–8.
[4] Bycroft GN. Forced vibrations of a rigid circular plate on a semi-inﬁnite elastic
space and on an elastic stratum. Philosophical Transactions of the Royal
Society of London Series A 1956;248:327–68.
[5] Barkan DD. Dynamic bases and foundations. New York: McGraw-Hill Book
Company; 1962.
[6] Das BM, Ramana GV. Principles of soil dynamics. 2nd ed.Cengage Learning;
2010.
[7] Housner G. The behavior of inverted pendulum structures during earthquakes.
Bulletin of the Seismological Society of America 1963;53(2):403–17.
[8] Ishiyama Y. Motions of rigid bodies and criteria for overturning by earthquake
excitations. Earthquake Engineering and Structural Dynamics 1982;10
(5):635–50.
[9] Spanos PD, Koh AS. Rocking of rigid blocks due to harmonic shaking. Journal of
Engineering Mechanics 1984;110(11):1627–42.
[10] Tso W, Wong C. Steady state rocking response of rigid blocks. Part 1: analysis.
Earthquake Engineering and Structural Dynamics 1989;18(1):89–106.
[11] Psycharis I. Dynamic behaviour of rocking two-block assemblies. Earthquake
Engineering and Structural Dynamics 1990;19(4):555–75.
[12] Makris N, Zhang J. Rocking response of anchored blocks under pulse-type
motions. Journal of Engineering Mechanics 2001;127(5):484–93.
[13] Spanos PD, Roussis PC, Politis NPA. Dynamic analysis of stacked rigid blocks.
Soil Dynamics and Earthquake Engineering 2001;21(7):559–78.
[14] Makris N, Konstantinidis D. The rocking spectrum and the limitations of
practical design methodologies. Earthquake Engineering and Structural
Dynamics 2003;32(2):265–89.
[15] Psycharis IN, Papastamatiou DY, Alexandris A. Parametric investigation of the
stability of classical columns under harmonic and earthquake excitations.
Earthquake Engineering and Structural Dynamics 2000;29(8):1093–109.[16] Psycharis IN, Lemos JV, Papastamatiou DY, Zambas C, Papantonopoulos
C. Numerical study of the seismic behaviour of a part of the Parthenon Pronaos.
Earthquake Engineering and Structural Dynamics 2003;32(13):2063–84.
[17] Konstantinidis D, Makris N. Seismic response analysis of multidrum classical
columns. Earthquake Engineering and Structural Dynamics 2005;34(10):1243–70.
[18] Kim JK, Ryu H. Seismic test of a full-scale model of a ﬁve-storey stone pagoda.
Earthquake Engineering and Structural Dynamics 2003;32(5):731–50.
[19] D’Ayala D, Shi Y, Stammers, C.. Dynamic multi-body behaviour of historic
masonry buildings models, structural analysis of historic construction: pre-
serving safety and signiﬁcance, two volume set. In: Proceedings of the VI
international conference on structural analysis of historic construction,
SAHC08, 2–4 July, Bath, United Kingdom, 2008. p. 489–6.
[20] Peña F, Lourenço PB, Campos-Costa A. Experimental dynamic behavior of free-
standing multi-block structures under seismic loadings. Journal of Earthquake
Engineering 2008;12(6):953–79.
[21] Konstantinidis D, Makris N. Experimental and analytical studies on the
response of 1/4-scale models of freestanding laboratory equipment subjected
to strong earthquake shaking. Bulletin of Earthquake Engineering 2010;8
(6):1457–77.
[22] Kounadis AN, Papadopoulos GJ, Cotsovos DM. Overturning instability of a two-
rigid block system under ground excitation. ZAMM—Journal of Applied
Mathematics and Mechanics/Zeitschrift fur Angewandte Mathematik und
Mechanik 2012;92(7):536–57.
[23] D’Ayala D, Ansal A. Non-linear push over assessment of heritage buildings in
Istanbul to deﬁne seismic risk. Bulletin of Earthquake Engineering 2012;10
(1):285–306.
[24] Iai S, Tobita T, Nakahara T. Generalized scaling relations for dynamic
centrifuge tests. Geotechnique 2005;55(5):355–62.
[25] Kim DS, Kim NR, Choo YW, Cho GC. A newly developed state-of-the-art
geotechnical centrifuge in Korea. KSCE Journal of Civil Engineering 2013;17
(1):77–84.
[26] Kim DS, Lee SH, Choo YW, Perdriat J. Self-balanced earthquake simulator on
centrifuge and dynamic performance veriﬁcation. KSCE Journal of Civil
Engineering 2013;17(4):651–61.
[27] Stokoe KH, Hwang SK, Roesset JM, Sun WS. Laboratory measurements of
small-strain material damping of soil using the free–free resonant column, In:
Proceedings of the earthquake resistant construction and design conference,
Berlin, Germany, , Rotterdam: Balkema; 1994. p. 195–202.
